It has recently been suggested that a preoperative left ventricular ejection fraction (LVEF) of >0.5, determined angiographically, can predict a strong correlation between the central venous pressure (CVP) and the pulmonary capillary wedge pressure (PCWP) when "pre-load" is altered. ~ A knowledge of preoperative LVEF can thus help determine the need for pulmonary artery catheterization during coronary artery surgery. ! It has been our experience, and that of others, that when the aorta is crossclamped during aortic surgery, the CVP and PCWP may no longer correlate. 2 Clamping of the aorta may constitute an afterload stress which could provoke left ventricular dysfunction in a diseased heart, and it has not yet been determined whether a knowledge of the preoperative LVEF can predict a correlation between CVP and PCWP during aortic surgery.
A poor correlation has been demonstrated between CVP and PCWP when one ventricle is diseased and the other is not, 3'4 This suggests thai a knowledge of the preoperative function of both ventricles might help determine those patients in whom the filling pressures fail to correlate intraoperatively. Presently the two ventricles can be assessed separately with a multiple unit gated acquisition (MUGA) scan, s thus avoiding the need for cardiac catheterization.
The purpose of this study was to determine if a correlation existed between PCWP and CVP during periods of changing preload and afterload in patients undergoing aortic reconstructive surgery. Specifically the study was designed to examine the relationship between PCWP and CVP during manipulation of preload by table tilt before and after aortic crossclamp in order to determine the effect of increased aftefload on this relationship. In addition, the study evaluated the usefulness of preoperative MUGA scanning in predicting this correlation. All patients continued their cardiovascular medications to the time of surgery. In addition, they received a sedative premedieation of diazepam 0.1 mg.kg -t PO, 1~ hours preoperatively, and morphine 0.1 mg-kg -t and scopolamine 0.005 rag.kg-~ 1M, one hour preoperatively. Intravenous, radial artery and pulmonary artery catheters were inserted under local anaesthesia and a control set of haemodynamic values obtained.
Methods
Anaesthesia was induced with fentanyl I 0 ~g'kg -~ IV and thiopentone to loss of consciousness. Muscle relaxation and tracheal intubation were achieved with pancuronium 0.1-0.15 mg'kg -~ and the patient was ventilated to normocapuia. Anaesthesia was maintained with 70 per cent nitrous oxide and 30 per cent oxygen to which 0,5-1 per cent halothane was added as necessary. The CVP was maintained at the control (awake) value with normal saline or lactated Ringer's solution and blood loss replaced with packed cells and fresh frozen plasma to maintain the haematoerit between 30-35 per cent.
To produce changes in preload, the operating table was tilted to the head down 24 degrees position (-24~ and then to the head up 24 degrees position (+24 ~ ) with the pressure transducers continuously referenced to the fight atrium. Steady state measurements of PCWP and CVP were obtained in the horizontal, -24 ~ and + 24 ~ positions at the following time intervals: I Awake (control) 2 After the induction of anaesthesia (post-induction) 3 Before the application of aortic crossclamp (pre-crossclamp) 4 After the application of aortic crosselamp (post-crossclamp) 5 Immediately before the removal of aortic crossclamp (pre-declamp) This protocol gave nine PCWP-CVP data points for each patient before aortic crossclamp (time intervals 1-3) and six data points after crossclamp (time intervals 4, 5) . The data for each patient in these two periods were analysed by linear regression (Regression Analysis 1). The slopes of the relationships were compared before and after crossclamp, with paired Student's t test. P < 0.05 was considered significant.
In addition to recording the absolute values of PCWP and CVP, changes in these pressures were calculated when the patient went from -240 to +24 ~ at each of the time intervals. Thus at each time interval, 23 data points were obtained. Data at each of these intervals were analysed by linear regression and the slopes of the regression lines obtained pre-and post-crossclamp (time intervals 3 and 4) were compared (Regression Analysis 11). Ninety-five per cent confidence intervals for each relationship were then calculated so that the accuracy of predicting the change in PCWP from a given change in CVP could be determined.
To determine if the preoperative LVEF or RVEF could predict a significant relationship between PCWP and CVP, both linear regression and the Spearman rank correlation were obtained on the PCWP-CVP correlation coefficients and regression slopes from Regression Analysis I and the preoperative ejection fractions. 6
Results
The patient demographic data are presented in Table I . There were 14 patients with normal LV function (Group I), and nine patients with abnormal LV function (Group II) as defined by the preoperative MUGA scan.
Regression analysis I
Figure 1 presents a typical regression analysis of a Group I patient. Table II patients from Group II (4/9). After aortic erossclamp the correlation was statistically significant for eight patients from Group I (8/1r • = 2.8, p > 0.05) and seven patients from Group U (7/9; X 2 = 2,1, p > 0.05). There was no significant difference (p > 0.05) between the slopes of regression lines before and after crossclamp for each patient, nor when the mean data was analysed for Group I, Group 11 or for both groups combined, suggesting that when a relationship did exist, the application of the aortic erossclamp did not significantly alter this relationship. Table Ill presents the slopes and correlation coefficients for linear regression on the change in PCWP versus the change in CVP data at each time interval. In Table IV the 95 per cent confidence intervals at x = X indicate the minimum range of changes in PCWP possible from a given change in CVP. The data regression lines and confidence intervals for all patients are illustrated grapMcally in Figure 2 .
Regression analysis 11
Significant positive correlation at each time interval was obtained when the data from all patients and for Group I were examined. In Group II, the correlation (Table IV) , coefficients failed to achieve significance at awake (control) and post-induction. Application of the aortic crossclamp did not significantly change the slope of the relationship between PCWP and CVP (Student's t test) for the study sample as a whole and for Group I. In Group II however, a significant negative conelation pre-crosselamp was transformed into a significant positive correlation post-crossclamp. Even at those time intervals at which there was significant correlation between PCWP and CVP, the low correlation coefficients and wide confidence intervals indicated that estimation of a change in PCWP from a change in CVP was unreliable. In a small number of patients (those whose points fell outside of the upper right and lower left quadrants of the plots in Figure 2 ) the direction of change of PCWP was opposite to that seen with CVP. The relationship between the PCWP-CVP correlation coefficients and regression slopes from Regression Analysis I, and LVEF for all patients is presented in Figure 3 . Linear regression revealed no significant correlation between the parameters examined either before nr after am'tie erossclamp. However, non-parametric statistical examination did reveal a weak hut significant relationship between the PCWP-CVP correlation coefficients and regression slopes and LVEF pre-cmssclamp. This association disappeared after the aortic crossclamp was applied. Similar analysis with RVEF failed to reach statistical significance at any time.
Discussion
The use of the pulmonary artery catheter (PAC) has introduced major questions of risk-to-benefit ratio which are still unresolved. In an attempt to minimize this risk-to-benefit ratio, various methods of preoperative assessment have been used to identify groups of patients in which the use of the PAC appears to be indicated.
The results of the present investigation demonstrate that in less than one half of the patients studied there existed a statistically significant correlation between absolute values of PCWP and CVP before and after aortic crossclamp. Alterations in preload or afterload (table tilting, aortic crossclamp) did not consistently change this relationship for these patients. The data were further analysed to see whether the correlation coefficients obtained before and after aortic crossclamp bore a significant relationship to preoperative LVEF. No such relationship was demonstrated using linear regression analysis but the Spearman rank correlation coefficient achieved significance before crossclamp. This finding deserves two comments. Firstly, the relationship between LVEF and the PCWP-CVP correlation coefficient is non-linear, which is not surprising when one considers that the distribution of the correlation coefficient itself is nun-linear. Secondly, the coefficient of determination (rs 2) is only 18 per cent suggesting that, despite a significant correlation, 82 per cent of the variation in PCWP-CVP correlation was accounted for by causes other than the variability in LVEF. No significant relationship was demonstrated between the PCWP-CVP correlation coefficient and LVEF after the aortic crossclamp was applied suggesting the inadequacy of the preoperative LVEF in predicting that correlation.
In the accompanying editorial to the study by Mangano, Lowenstein pointed out the importance of the slope of the regression line in describing the relationship between CVP and PCWP.7 A significant correlation does not predict the magnitude of the change in PCWP for a given change in CVP. Consequently we analysed the relationship between preoperative LVEF and the slope of the PCWP-CVP regression line and found a significant correlation before aortic crossclamp but not after. However, only the Spearman rank correlation coefficient was significant and the coefficient of determination was low, suggesting, as in the previous analysis, a non-linear relationship and other factors involved in this association.
Similar analyses using RVEF yielded no evidence of assuciatioa. The study suggests that preoperative knowledge of RVEF and LVEF, as determined by MUGA scan, does not enable the identification of a group of patients in whom a monitor of the CVP can accurately be substituted for one of the PCWP, There is much precedent in the scientific literature for the statistical approach used in this study for Regression Analysis I. However, there are a number of difficulties in analysing the relationship between PCWP and CVP before and after application of the aortic crossclamp. Regression analysis for each patient was calculated from data points not truly independent of each other and the study variable was confounded by the time elapsed since the induction of anaesthesia. In addition, two potential non-random sources of error were identified, namely, time interval and table tilt position. Consequently by recording changes in PCWP and CVP, calculated when the patient went from -24 ~ In -t-24 ~ of table tilt, 23 independent data points at each time interval were obtained for Regression Analysis II. In these analyses, the correlation coefficients obtained at awake (control) and post-induction for Group II did not achieve significance, in contrast to those obtained for Group I or indeed when the data for all patients were considered (Table HI) . In addition, the slopes of the regression lines for Group II were large indicating substantial changes in PCWP for small changes in CVP. Most surprisingly in Group I1, a significant negative correlation before aortic crossclamp was transformed into a significant positive correlation after aortic crossclamp. We are at a loss to explain this observation, but would suggest that this confirms the unpredictability of the PCWP-CVP relationship. Indeed in an attempt to quantify this unpredictability, the 95 per cent confidence intervals for a prediction of change in PCWP from a given change in CVP were calculated and are presented in Table IV and Figure 2 . The range of values of PCWP that can be obtained indicate that in some patients the CVP may reflect neither the degree nor direction of change of the corresponding PCWP. While recognizing that the widths of confidence intervals are inversely related to sample size, the extremes of PCWP that could be obtained make the information derived from the CVP potentially misleading. For example, if we consider a change in CVP of 5 mmHg in Group II patients before aortic erossclamp, the predicted change in PCWP at the 95 per cent confidence interval is between -7.5 mmHg and +17.5 mmHg -a clinically useless and potentially hazardous prediction.
Mangano found a close and clinically useful correlation between CVP and PCWP in patients undergoing coronary artery bypass grafting who had angiographically determined ejection fractions > 0.5. I Unfortunately, insufficient data were provided in that study to derive confidence limits of a composite slope for his group of patients. Studies on patients undergoing aortic surgery, confmn our findings and suggest that the conclusions reached by Mangano cannot be generalized to the latter setting. Atria eta[. identified a group of patients with severe coronary artery disease undergoing elective aortic surgery in whom the PCWP, but not the CVP, was significantly increased by application of the aortic crossclamp, s Martin et al., in a study of 16 patients undergoing aortic bifurcation grafting found that the ejection fraction as determined preoperatively by gated cardiac scan could not isolate a patient subgroup for whom PA catheterization was not necessary. ~ Gallacher et al. studied 18 patients undergoing elective aortic surgery to assess the value of preoperative nuclear angiography in identifying patients in whom CVP and PCWP correlate poorly. ~~ The CVP was considered to correlate with the PCWP if the difference between the two values was less than five torr and the two values changed in the same direction. On this basis, 60 per cent of patients with EF < 55 per cent versus 25 per cent of patients with EF > 55 per cent showed poor correlation. They would not modify the continued use of PA catheters in their patients on the basis of preoperative nuclear scans.
Our results and those of the latter studies may differ from those of Mangano for several reasons. Certainly there are inaccuracies inherent in the equipment used to collect data and limits to the applicability of an ejection fraction obtained in the resting state to the changing conditions of aortic surgery. As suggested by Martin et al., 9 there may be a difference in the ejection fraction obtained angiographically (as in the study by Mangano) to that obtained by MUGA scan. Also important is the heterogeneity of our group of patients that included those with valvular heart disease, cardiomyopathy, COPD, hypertension and coronary artery disease. Measurements could be influenced by the presence of mitral regurgitation or cardiac arrhythmias such as atrial fibrillation, and our sample size may not have been large enough to detect differences between Groups (type II error). Finally, artificial manipulation of preload may not accurately reproduce changes in filling pressures that occur in the face of untreated myocardial ischaemia.
In conclusion, this study suggests that if the filling pressures of both ventricles need to be assessed during aortic surgery, then the CVP and PCWP must be independently measured. A knowledge of the preoperative ejection fraction cannot identify a group of patients in whom a monitor of the CVP accurately predicts the PCWP
